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Abstract 
Electro-oxidation provides adaptability, energy competence, amenability to automation and environmental friendliness. It is an advanced 
technology used for treatment of bio-refractory wastewater. This paper introduces the concept of electro-catalysis, its mechanism, and 
applications. It investigates electro-oxidation using different anode materials. Case study on the fabrication and characterization of TiO2-
NTs/Sb–SnO2/PbO2 electrode has been included. Boron-doped diamond (BDD) thin film is a new electrode material that has received 
great attention recently because it possesses several electro-chemically important characteristics. The paper provides an overview on the 
current developmental status of doped-diamond electrodes for electrochemical applications. This is followed by exploration of the 
fabrication methods and electrochemical properties of diamond electrodes. An attempt has been made to summarize a comparison of 
different anode materials for removal of refractory organics from wastewater by electro-oxidation. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology, Nirma 
University,  Ahmedabad. 
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Nomenclature 
BDD Boron Doped Diamond 
COD Chemical Oxygen Demand 
CVD Chemical Vapour Deposition 
DSA Dimensionally Stable Electrode 
EDX Energy Dispersive X-Ray 
SEM Scanning Electron Microscope 
XRD X-Ray Diffraction 
Greek symbols 
K Over-potential 
Subscripts 
e Equilibrium 
1. Introduction 
Rapid urbanization and uncontrolled industrialization speedily intensifying human activities catalyzed by the growing 
human population have led to high rate of waste generation. Worldwide water bodies are the primary means for disposal of 
effluents. These effluents alter the physical, chemical and biological nature of the receiving water body.  
As technological changes take place numerous compounds are generated from industrial processes and are difficult and 
costly to treat by conventional wastewater treatment processes. The amounts of heavy metals and synthesized organic 
compounds generated by industrial activities have increased, and new organic compounds are added each year.  
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A part of these contaminants consist of dissolved organic compounds which tend to be resistant to biological attack. This 
class of contaminants include difficult-to-oxidize by-products that are formed from contaminants that are easily oxidized. 
Some examples are nitro-containing substances, poly-halogenated compounds, and other contaminants containing electron-
withdrawing substituents. Due to failure of conventional methods and added advantage of electrochemical techniques, they 
are gaining popularity in the field of wastewater treatment, especially in treatment of bio-resistant water.  
 
Electro-catalysis is enhancement of electrode kinetics by a material by minimizing the over-potential. It is a mechanism 
which leads to speeding up of half-cell reactions at electrode surfaces. Electro-catalysis and search for promising electro-
catalysts effectively started its development after two distinct core reveals in the science:  
x Sir William Grove inventive discovery and theoretical definition of (H2/O2) fuel cells and their fundamental structure in 
1842, and  
x Tafel plots in the year 1905, when various metals were distributed and ranged, with clear distinction amongst good and 
bad, or, on more or less polarizable, mostly transition elements or their composite electrode materials [1]. 
1.1. Mechanism[1] 
The equilibrium at an electrode may be illustrated with respect to a metal dipped in a solution of its ions e.g. 
Zn(s)/Zn2+(aq). In the beginning Zn(s) will undergo oxidation at a rapid rate sending additional Zn2+ ions in solution and 
electrons on the metallic electrode. The rate of oxidation (anodic process) will diminish as excess positive charge 
accumulates in the solution. Conversely as electrons get accumulated on the metal, the ions from the solution get reattracted 
and align in the Outer Helmholtz Plane (OHP) resulting in the formation of electrical double layer.  
At a certain stage the two rates become equal and equilibrium is established at the electrode. Both the anodic and 
cathodic currents become equal. The potential acquired by the electrode at equilibrium is known as equilibrium potential Ee. 
Overpotential is then the departure of electrode potential from its equilibrium value and given by:  
K = (E – Ee)           (1) 
 
1.2. Applications of Electro-catalysis 
Electro-catalysis are of ubiquitous importance and find application in a large array of research fields, including corrosion 
science, development of electro-analysis sensors, wastewater treatment, electro-organic synthesis and energy conversion 
devices.  
2. Electro-oxidation in wastewater treatment  
Studies on the electrochemical oxidation for wastewater treatment go back to the 19th century. During the last three 
decades, research works have been focused on the oxidation efficiency and electrochemical stability of the electrode 
materials, factors affecting the process performance and the exploration of the mechanisms and kinetics of the pollutant 
degradation. DSA’s were introduced in the 1960s and 1970s. DSAs have been widely explored in the field of wastewater 
treatment due to their high surface area, high catalytic activity, and high stability to anodic corrosion, lower energy 
consumption, and excellent mechanical and chemical resistance [5]. The conductive layer of DSA electrodes is generally 
formed by a mixture of active and inert metal oxides. The active oxides act as electro-catalyst, while the inert oxides 
modulate the electrochemical properties of the active components, providing high catalytic activity and higher life [2]. 
Oxidation can occur by direct electron exchange between the contaminant and the electrode surface, or by indirect in situ 
electro generation of catalytic species which are able to promote contaminant oxidation with their high oxidizing power. 
Lead dioxide (PbO2), with its high oxygen over potential, is one of the most commonly used DSA anodes for the removal of 
organic contamination. However, the application of PbO2 may lead to secondary water pollution due to electrochemical 
corrosion [5]. 
 
2.1. Electrode Fabrication 
Fabrication is an industrial term that refers to the manipulation of raw or semi-finished materials to get a product 
possessing desired properties. Fabrication of electrodes involves two main steps. First, metallic electrodes are prepared 
using conventional micro-fabrication. In the second step, a thin layer of metal or metal oxide is electrodeposited on top of 
the existing pattern from an electrolyte solution. This results in modification of surface properties. Electrochemical 
degradation of organic pollutants, present in the wastewater needs specific electrodes.  
IrO2 and RuO2 are used as electro-catalysts and SnO2 and TiO2 as modulator agents. TiO2 is chosen because it is able to 
promote mechanical stability. The Ti/Ru0.30Ti0.70O2electrode is generally used as a standard DSA in literature, which allows 
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comparison with other electrodic materials. SnO2 is chosen because, in general, doped SnO2 exhibit slow resistivity, good 
stability, high over potential for the oxygen evolution reaction, and efficient phenol removal. RuO2 and IrO2 are known to 
be active electro-catalysts for chlorine evolution, being RuO2 more active than IrO2. Some works have reported that 
Ti/RuO2 and Ti/IrO2 electrodes prepared longer lifetime and higher electrochemical active area than those prepared by 
traditional methods[4]. 
SnO2 electrodes promote complete organic compound oxidation. Antimony-doped SnO2 electrodes behave as a metal-
like material making them promising electrode materials for electro-oxidation of industrial wastewaters. It is a combination 
of high chemical and electrochemical stability, high conductivity and high oxygen evolution over-potential [4,6]. 
Iridium has a great scope as protective layer as it is resistant to corrosion and oxidation at high temperature. Iridium 
oxide films have excellent electro-catalytic properties and good stability in strong acidic solution for chlorine and oxygen 
evolution [6]. Different anode materials were employed to examine their oxidation power for the destruction of pollutants in 
wastewater [3]. The observations are summarized in Table 1.  
 
Table 1. Different electrodes (with coatings) with respective oxidation potential and active component [7] 
Active 
Component 
 
Electrode Oxidation 
Potential (V) 
Adsorption Enthalpy of M-OH Oxidation Power of the 
Anode 
RuO2 RuO2-TiO2 (DSA-Cl2) 1.4-1.7 Chemisorption of OH radical Low 
IrO2 IrO2-Ta2O5 (DSA-O2) 1.5-1.8 
  
Pt Ti/Pt 1.7-1.9   
PbO2 Ti/PbO2 1.8-2.0   
SnO2 Ti/SnO2-Sb2O5 1.9-2.2   
BDD p-Si/BDD 2.2-2.6 Physisorption of OH Radical High 
The performance of some of the commonly used electrodes in electro-oxidation of refractory organics is summarized in 
Table 2. 
Table 2. Direct anodic oxidation of organic compounds (anode materials listed in alphabetical order) [8] 
Anode Pollutant J,I or E Efficiency 
Removal 
Efficiency 
 
Comments Metabolites 
BDD Phenol 15-60 mA/cm2 
100-50% 
(5Ah/l) -- 
 [phenol]=350-1500 mg/l, T= 
250C 
hydroquinone, benzoquinone, 
maleic, fumaric and oxalic acids 
BDD 
Multicomponent 
mixtures (phenol, 
phenyl-methanol, 
1-phenyl-ethanol 
and m-cresol) 
100-
300A/m2 Approx. 100% 
COD removal 
5000-300 ppm 
Na2CO3 0.1 M supporting 
electrolyte, pH=7.0 using 
H2SO4 5% v/v 
-- 
PbO2 Glucose 
100-
900A/m2 EOI=30 - 60% 100% 
1M H2SO4, T=25-570C 
,Specific interaction between 
Pb(IV) sites and carboxylic 
groups 
9 derivatives of glucose 
Pt Glucose 100-900A/m2 EOI=15-20% 40% 
1M H2SO4, T=25-570C 
,Specific interaction between 
Pb(IV) sites and carboxylic 
groups 
9 derivatives of glucose 
Pt Ammonia 8.5 A/m2 CE=53% 95% 
pH=8.2 using phosphate 
buffer, poor performance for 
organics 
-- 
Ti/BDD Dyes 100 A/m2 70-90% 80-97% COD 
T=300C, V=25ml, initial dyes 
concentration=1000mg/l, 
initial pH=4.7-6.7 
Some polymeric products in the 
Monozol T-blue HFG oxidation. 
Ti/BDD 
Ti/SnO2- 
Sb2O5 
Phenol 100 A/m2 
CE= 78.5% 
CE=50.1% 
97% COD 
(4.85Ah/l) 
64% COD 
(>4.85 Ah/l) 
V=30 ml, Na2SO4 (2000 
mg/l), T=30 °C 
CO2 
various pollutants 
Ti/IrO2 Phenol <50mA/cm2 EOI=0.17 71% alkaline media (pH>9), T=50 ---- 
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Ti/SnO2 50 mA/cm2 EOI=0.58 90% °C, 
[phenol]=50 mmol/dm3 
fumaric, maleic, oxalic acids 
Ti/IrO2 
Pt 
Phenol 50 mA/cm2 
(PtOx formed 
with Pt 
electrode) 
80% 
100%  
Selective oxidation, pH=2.0, 
T=70°C 
hydroquinone,benzoquinone,catec
hol,maleic,fumaric,oxalic acids, 
CO2 
Ti/PbO2 
Ti/SnO2- 
Sb2O5 
Phenol 300 A/m2 -- 
40% TOC 
100% TOC 
pH=12, [phenol]=1000 mg/l, 
Na2SO4 
---- 
CO2 
Ti/Ru-Ti-
Sb-SnO2 
Benzoquinone 10 mA/cm2 -- 99.4% (after 24 hrs) 
V=50 ml [benzoquinone]=50 
ml stock solution, [stock 
solution]=100 mg/l 
Hydroquinone, resorcinol, p-
benzoquinone, pyrocatechol, 
formic, acetic, maleic, succinic, 
malonic, fumaric, acetic acids. 
Ti/ SnO2-
Sb2O5 
3 Dyes 
(Red 74, Yellow 
126, Blue 139) 
2 A/dm2 61% 
23% COD, 
45% colour 
removal 
Supporting electrolyte 0.1 M 
NaCl, T=25oC Different pollutants. 
Ti/PbO2 Landfill leachate 50-150 A/m2 
30% COD, 
10%NH+4 N 
90% COD, 
10%NH+4 N 
pH=8.3, BOD=80mg/l, 
COD=1200 mg/l, Total 
Nitrogen=420 mg N/l, 
Ammonium-N=380 mg 
N/l,Chlorides= 1600 mg Cl-/l, 
Conductivity=12 mS/cm. 
Humic and Fulvic acids, 
halogenated compounds. 
BDD = Boron Doped Diamond, COD = Chemical Oxygen Demand, V = Volume, T = Temperature, [ ] =concentration, J = Current density, I = current, E= 
potential, EOI = Electrochemical oxidation index, CE = current efficiency, FY = Faraday Yields. 
2.2.Electrode Characterization 
In characterization properties such as surface morphology, composition, and micro crystal structure of the coatings, 
roughness, and relative average deposited films growth rates are measured. Various techniques such as weight measurement 
SEM, XRD, profilometry are used. The electrode performances are characterized using cyclic voltammetry (CV) [7]. 
3. Case Study 
The case study focuses on TiO2-NTs/Sb–SnO2/PbO2 electrode has service life greater than 175 hours with a current 
density of 100 mA/cm2 (in 0.5 M H2SO4) [5]. 
3.1. Electrode Fabrication 
Titanium sheets (99.6%, 15 mm * 15 mm) were polished using 40 and 320-grit paper strips, and then rinsed with double 
distilled water and acetone by ultrasonic washing. They were then degreased in 40% NaOH at 80oC for 120 minutes and 
subsequently etched in 15% oxalic acid at 90oC for 180 minutes until TiO2 is thoroughly dissolved and a grey titanium 
substrate was produced. The sheets were then thoroughly washed with ultrapure water [5]. 
All anodization experiments were carried out at a voltage of 20 V for 180 minutes with stirring at room temperature 
using a two-electrode system (10 mm separation) with platinum foil as a counter electrode. The electrolyte used consisted of 
sodium fluoride (0.8 wt. %), sodium sulfate (1.6 wt. %), polyethylene glycol (10 wt. %) and ultrapure water (87.6 wt. %). 
The obtained TiO2-NTs, initially amorphous, were crystallized by annealing in a muffle furnace at 500oC for 90 minutes [5]. 
 
3.1.1 Coating Sb-doped SnO2 
 
Sb-doped SnO2 coating was prepared on Ti sheets by electro-deposition of an inner layer and thermal deposition of an 
outer layer. For the inner layer, the Ti sheet described above was used as the cathode in 100 ml of absolute ethyl alcohol 
solution containing 17.5 g SnCl4, 0.73 g Sb2O3, and 2 ml concentrated HCl (37%). A constant DC current density of 
20mA/cm2 was applied to the Ti sheet for 25 minutes for electroplating the cathode with platinum foil as the counter 
electrode. The resulting Ti sheet was dried at 100oC for 15 minutes and followed by calcination in a muffle furnace for 60 
minutes. Thus, the interlayer of the modified electrode was obtained [5]. 
For the outer layer, the coating solution consisted of 30.0 g SnCl4, 0.8 g Sb2O3 and 2.5 ml concentrated HCl (37%), 
which were first dissolved in 50 ml n-butanol. Then, the Ti sheet was dipped in this solution for 5 minutes, and then dried at 
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100oC for 10 minutes to allow solvents to vaporize and calcinate at 550oC for 60 minutes in muffle furnace. Finally, the 
electrodes were annealed at 550oC for 120 minutes [5]. 
 
3.1.2 Coating PbO2 
 
Electrodeposition was employed for the coating of PbO2 on the treated Ti sheet. The electrolyte contains 0.1 M HNO3, 
0.5 M Pb(NO3)2 and 40 mM NaF. A PbO2 layer was generated from the prepared solution under a current density of 
20mA/cm2 for 30 minutes. TiO2-NT/Sb-doped SnO2 electrode was used as the anode, and Cu electrode was used as a 
counter electrode [5]. 
3.2. Electrode characterization  
The surface morphology and composition of the coatings were characterized using SEM-EDX. The crystal structures of 
the coatings and compositions were investigated by XRD. The electrode performance was characterized using cyclic 
voltammetry(CV) at room temperature with a three-electrode cell consisting of a TiO2-NTs/Sb-doped SnO2/PbO2 electrode, 
a platinum foil counter electrode and a saturated calomel reference electrode (scan rate: 20 mv/s; scan segment: 20) [5]. 
The removal efficiency was studied as a function of several operation variables, such as current densities, initial dye 
concentration, initial pH values and chloride ions. The associated electrochemical catalysis mechanism was investigated by 
means of Gas Chromatography-Mass Spectrometry (GC–MS) [5]. 
3.3. Observations 
The rougher and more porous structured surface may provide more activity site and higher specific surface area for the 
electro-catalytic reaction [5]. 
4. Doped Diamond Electrodes 
The large band gap of more than 5 eV makes un-doped diamond electrically insulating and an unsuitable electrode 
material. [9] It can be made conducting by doping it with certain elements. Boron is used as dopant to get a p-semiconductor, 
while Phosphorus or Nitrogen is used to get an n-semiconductor. Boron Doped Diamond (BDD) was employed as anode 
material, as it has higher highly reactive hydroxyl radical production. Hydroxyl radicals are formed on BDD 
electrode during electrolysis by means of spin trapping.  These electro-generated hydroxyl radicals are very reactive and in 
the absence of organic compounds react to form hydrogen peroxide which is further oxidized to O2. 
Titanium possesses all required features to be a good substrate material; Ti/BDD has been used for the destruction of 
several pollutants. For the oxidation of phenol at a charge loading of 20 Ah L-1, the total organic carbon (TOC) was reduced 
from an initial value of 1500 to about 50, 300, 650 and 950 mg L-1 at Si/BDD, Ti/SnO2, Ta/PbO2 and Pt, respectively. BDD 
electrodes are fabricated using CVD [3]. 
4.1.1 Chemical Vapor Deposition 
For fabrication of thin film diamond electrodes the doped diamond film is deposited on a conducting substrate. The 
deposition technique is plasma-assisted CVD. The gas phase consists of hydrogen as the carrier gas, methane (0.5% - 3% 
CH4 in H2) or acetone/methane mixture as carbon source and other gases to provide the dopants. Before diamond coating 
the substrate has to be pre-treated properly for activation of the surface with nano-scale diamond particles. These tiny 
diamond crystallites are the nucleation sites for the growth of the thin diamond film. The surface activation can be 
performed by polishing substrate with diamond powder or by immersing the substrate into a suspension of nano-scale 
diamond particles accompanied by ultra-sonication. [9] 
Substrate temperature during diamond film production is about 750 to 825oC. Typical growth rates are between 0.2 and 3 
mm/h. The thickness of diamond thin films is usually between 1 and 10 mm but other thicknesses are possible. The diamond 
thin films have a nano-crystalline or microcrystalline structure and a rough surface [9]. 
4.1. Properties of Doped Diamond Electrodes 
The electrochemical properties of diamond electrodes depend to some extent on doping level, on surface termination and 
non-diamond carbon content. 
Boron is the most widely used dopant to produce conducting diamond electrodes. This is because boron has low charge 
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carrier activation energy of 0.37 eV. Boron doping leads to a p-type semiconductor. To introduce boron into the diamond 
material during film growth boron containing substance has to be added to the deposition gas mixture. Substances such as 
diborane or trimethyl borane can be used. [8] 
The conductivity depends on the doping level. For boron-doped diamond electrodes with resistivity between 5 and 100 
mWcm are usually produced. Typical and useful boron concentrations in diamond are between 500 ppm to about 10,000 
ppm or 1019 – 1021 atoms cm-3.  Interestingly, boron-doped diamond has also been found to be superconducting at very 
low temperatures with critical temperature depending on doping level [10]. 
The following properties have made BDD the most efficient material for electro-oxidation of wastewater. 
x Very high over potential for oxygen and hydrogen evolution 
x Very low capacitance  
x Absence of surface oxide formation and reduction reactions between oxygen and hydrogen evolution 
x High chemical and electrochemical stability, especially the high electrochemical stability under severe conditions  
x Resistance to anodic corrosion  
x Possibility to anodically produce hydroxyl radicals with high current efficiency without any modification of electrodes 
x Almost complete mineralization of the organics contained in the wastes with very high current efficiencies 
x Lower operation costs than those required by other electrochemical technologies [9,10]. 
4.2. Limitations of BDD 
Lower efficiencies are observed for the BDD due to mass transport limitations for small concentrations of pollutants. 
This fact confirms BDD is less efficient for diluted wastes. Another major drawback which is thwarting the widespread use 
of BDD on a large scale is the high price of conductive diamond anodes. [8] 
5. Summary 
The electrochemical oxidation of industrial wastes is strongly influenced by the type of anodic material.The electrochemical 
oxidation with conductive-diamond can be used to remove the organic content of a great variety of synthetic and actual 
wastewaters. High over potential for oxygen and hydrogen evolution, high electrochemical stability, under severe 
conditions, resistance to anodic corrosion, and high current efficiencies are some of the important and desired characteristics 
of electrodes finding applications in wastewater treatment.  Ti based anodes and BDD are found to be promising electro-
catalytic materials with enhanced mineralization of refractory organics and are suitable candidates for commercial 
applications.  
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